P AIN is a major clinical problem for cancer patients, experienced by more than 64% of those with advanced stage or metastatic cancer. 1 The most frequent pain in patients with metastatic breast, prostate, or lung cancer is bone cancer pain, which is particularly severe, difficult to treat, and insufficiently relieved. Cancer cells metastasized to the bone generate pain by releasing algogenic substances, which can induce sensitization and activation of nerve fibers that innervate the bone. 2 Tumor growth in the bone can also generate a neuropathic pain by directly injuring nerve fibers and inducing an active and highly pathologic sprouting of both sensory and sympathetic nerve fibers, which seem to contribute to What We Already Know about This Topic • Robust activation of microglia and astrocytes in the spinal cord plays a pivotal role in the pathology of cancer-related bone pain • The suppression of glial activation may be a viable option for cancer pain management
the peripheral and central sensitization that is common in advanced bone cancer pain. 3 Specifically, mounting evidence has indicated that spinal glial activation is strongly involved in the pathology of central sensitization. 4, 5 Bone cancer pain is linked to the markedly increased expression of glial fibrillary acidic protein (GFAP) in astrocytes and ionized calciumbinding adapter molecule 1 (IBA-1) in microglia within the dorsal horn (dH) of the spinal cord. 6, 7 The glial P2X7 receptor and chemokines CCL2, CXCL10, and CXCL12 are upregulated during the induction of bone cancer pain. [8] [9] [10] [11] [12] As such, the regulation of glial-mediated inflammation may be a useful strategy for the treatment of bone cancer pain.
Adenosine monophosphate (AMP)-activated kinase (AMPK) is primarily associated with cholesterol biosynthesis as an important regulator of metabolism. 13 It has also been recognized for its antiinflammatory effects through the decreased expression of tumor necrosis factor (TNF)-α, interleukin (IL)-1β, and IL-6 induced by morphine or lipopolysaccharide in microglia in the central nervous system. 14, 15 In addition, the AMPK activation through 5-amino-1-β-d-ribofuranosyl-imidazole-4-carboxamide (AICAR) may reduce IL-1β-induced IL-6 and IL-8 levels in the adipose tissue of patients and in the skeletal muscles of rats. 16 Taken together, these results suggest that AMPK activation may significantly suppress neuroinflammation in the central nervous system.
A possible function of AMPK in pain-related pathways has been revealed in the model of incision-induced acute and chronic pain after treatment with the AMPK activators resveratrol, metformin, or A769662. [17] [18] [19] Knockout mice lacking the AMPKα2 subunit shows increased nociceptive responses that could not be reversed by AMPK activators. 20 Based on these results, it seems likely that AMPK would also be involved in other clinically relevant pain states, such as that caused by bone cancer. Questions remain regarding the specific role of AMPK in cancer pain pathways and optimal regulation of AMPK in a clinically effective and safe way. Herein, we make the hypothesis that AMPK activation may inhibit glial activation, thereby inhibiting neuroinflammation and suppressing cancer pain. In this study, we evaluated the effects of resveratrol, a natural AMPK activator widely found in red grapes and wine, in a model of tibia bone cavity tumor cell implantation (TCI) in rats.
Materials and Methods

Ethics Statement
All procedures were strictly performed in accordance with the regulations of the ethics committee of the International Association for the Study of Pain and the Guide for the Care and Use of Laboratory Animals (The Ministry of Science and Technology of China, 2006) . All animal experiments were approved by Nanjing Medical University Animal Care and Use Committee and were designed to minimize suffering and the number of animals used.
Animals
Sprague-dawley female rats (weight, 150 to 170 g used in TCI operation or 60 to 80 g used in the expansion of Walker 256 ascites tumor cells) were provided by the Experimental Animal Center at Nanjing Medical University, Nanjing, China. Five to six animals were housed per cage under pathogen-free conditions with soft bedding under controlled temperature (22° ± 2°C) and photoperiods (12:12-h light-dark cycle). They were allowed to acclimate to these conditions for at least 2 days before inclusion in experiments. Animals were randomly divided into groups (n = 8). The sample size was designed based on the previous experience 21 and to be limited to the minimal as scientifically justified. For each group of experiments, the animals were matched by age and body weight. All surgeries were performed under anesthesia with pentobarbital (Sigma, USA, 50 mg/kg, intraperitoneally [IP] ).
Drugs and Reagents
Fetal bovine serum (FBS) and other cell culture media and supplements were purchased from Hyclone (USA). AICAR, compound C, and resveratrol were purchased from Sigma. Antibody for glyceraldehyde 3-phosphate dehydrogenase was purchased from Sigma. Antibody for phospho-p38 (Tyr182) was from Epitomics (USA). Antibody for IBA-1 was from Wako Pure Chemical Industries (Japan). Antibody for GFAP and neuronal nuclear protein (NeuN) was from Millipore (USA). Antibodies for IL-1β, TNF-α were from Santa Cruz Biotechnology (USA). Antibody for Ki67 was from Abcam (UK). Antibodies for phosphorylated N-methyl-d-aspartate receptor 1 (NR1) subunit (Ser896), phosphorylated protein kinase C (PKC)γ; Thr514), phosphorylated extracellular regulated protein kinase (ERK; Thr202/Tyr204), phosphorylated AMP-activated protein kinase (AMPK; Thr172), phosphorylated c-Jun N-terminal kinase (JNK; Thr183/Tyr185), phosphorylated protein kinase B (Akt; Ser 473), and phosphorylated mammalian target of rapamycin (mTOR; Ser 2448) were from Cell Signaling Technology (USA). Secondary antibodies were purchased from Chemicon (USA). All other chemicals were purchased from Sigma Chemical Co.
Model of Bone Cancer Pain
Suspension of Walker 256 ascites tumor cells (5 × 10 6 cells/ml, 0.5 ml) was inoculated into rats IP. Seven days after inoculation, single-cell suspensions were made from the ascites. Tumor-bearing animals were generated as published previously. 22 Briefly, rats were anesthetized with sodium pentobarbital (50 mg/kg, IP), and a left knee arthrotomy was performed. Tumor cells (1 × 10 5 cells/µl) in 5 μl of sterile phosphate-buffered saline (PBS) solution were injected directly into the medullary cavity of the distal femur. Additional controls are naive rats with 5 μl of PBS injected into the medullary cavity. The injection hole was plugged with a dental amalgam that tightly seals the injection hole in the bone and prevents the escape of tumor cells from the bone. Song et al.
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Assessment of Bone Cancer-related Pain Behaviors
Mechanical allodynia was determined by measuring the incidence of foot withdrawal in response to mechanical indentation of the plantar surface of each hind paw with a sharp, cylindrical probe with a uniform tip diameter of approximately 0.2 mm provided by an Electro Von Frey (ALMEMO 2390-5, Anesthesiometer IITC Inc., USA), using a protocol similar to the one we have described. 5 The probe was applied to 10 designated loci distributed over the plantar surface of the foot. The minimal force (in grams) that induced paw withdrawal was read off of the display. Threshold of mechanical withdrawal in each rat was calculated by averaging the 10 readings, and the force was converted into millinewtons. For the results expressing mechanical allodynia, the values are mean values of ipsilateral feet. The behavioral tests were carried out blind to the treatment condition. The rats were tested on each of 3 successive days before surgery. To examine the immediate effect of drugs and vehicles on the persistence of tumor pain, tests were conducted on postoperative days 14 to 18 (2 h after drugs given), and additional tests were conducted at 0, 2, 4, 6, 8, and 24 h after a single injection on the 14th postoperative day. To examine the effect of drugs on IL-1β/TNF-α-induced pain, tests were conducted on 0 to 8 h after the injection of cytokines. drugs were given just before cytokines injection.
Intrathecal Injection Procedure
To perform intrathecal (IT) injections, the rat was placed in a prone position and the midpoint between the tips of the iliac crest was located. A Hamilton syringe with 30-gauge needle was inserted into the subarachnoid space of the spinal cord between the L5 and L6 spinous processes. Proper IT injection was systemically confirmed by observation of a tail flick. IT injection did not affect baseline responses, compared with latencies recorded before injection.
Radiologic Bone Examination
To determine the tibial destruction from the inoculated tumor, rats were radiographed at day 18 after tumor cell inoculation. Rats were placed on clear plexiglass and were exposed to an x-ray source under sodium pentobarbital anesthesia (50 mg/kg, IP). Using a Kodak digital Radiographer System (Kodak, USA), tibial radiographs were taken (40 KVP, 2 ma) from hind limbs (n = 4/group).
Histochemical Staining
At day 18 after tumor cell inoculation, animals were killed. After demineralization in EdTA (10%) for 2 to 3 weeks, the tibiae were embedded in paraffin and 5-μm thick sections were cut using a microtome. The sections were stained with Harris hematoxylin and eosin to verify cancer cell infiltration and bone destruction (n = 4/group). The macroscopic examination was blindly carried out by two independent observers. For standardization, the tibial bones were presented in the same section for analysis. Tumor infiltration was scored 0 to 4 according to the following criteria: 0 = normal, 1 = minimal infiltration (not readily apparent on low magnification), 2 = mild infiltration, 3 = moderate infiltration with cell aggregates, and 4 = marked infiltration with large aggregates. Bone destruction was scored 0 to 4 according to the following criteria: 0 = none, 1 = minimal (1 to 2 sites of cartilage loss, visible only at high magnification), 2 = mild (at least three sites of resorption, visible only at high magnification), 3 = moderate (obvious foci of bone resorption, visible at low power), and 4 = marked (large erosions extending through to the marrow space).
Assessment of Motor Function
Motor function was measured using a rotarod apparatus for rats (Shandong Science Equipment Co., Ltd., China) under different rotor mode (16, 24, 32 rpm) . The interval from when the animal mounted the rod to when it fell off was recorded as the performance time. The animals were trained for three trials per day for 3 days before drug administration, and the mean duration on the rod was recorded to obtain stable baseline values. Performance on the rotarod test was measured 30 min after each administration of resveratrol.
Cell Cultures
Microglial BV-2 cells or human neuron-like SH-SY5Y cells were incubated under humidified 5% CO 2 and 95% O 2 at 37°C in dulbecco's modified Eagle's medium (dMEM, Invitrogen, USA) containing 10% FBS and 1% streptomycin and penicillin (Invitrogen). Twenty-four hours before experimentation, the culture media was replaced by 0.5% FBS high-glucose dMEM. Then the cells were stimulated with IL-1β (1 ng/ml) and TNF-α (50 ng/ml) for 30 min with or without resveratrol (125 μM), compound C (20 μM), and AICAR (20 μM).
Glia were isolated from the brains of postnatal day 2 pups as described earlier. 23, 24 In brief, cerebral cortices were removed from the rat brains for glial cultures. The tissue was dissociated in 0.0025% trypsin/EdTA and passed through a 70-µm pore nylon mesh. After centrifugation, the cell pellet was resuspended in dMEM containing 10% FBS, 50 U/ ml penicillin and 50 mg/ml streptomycin. The cell culture dishes were coated with 10 μg/ml type I collagen (Bd Biosciences, USA) for 12 h at 37°C. Excess collagen was removed by PBS solution at 37°C. Then the glial cells in dMEM containing 10% FBS were loaded into the dishes. After 7 to 10 days, glial cells typically reached 80 confluence and were ready for the experiment. In general, the cultures consisted of more than 95% astrocytes (as indicated by GFAP-positive staining). Cell proliferation was evaluated with a modified Ki67 assay. The cells were activated with IL-1β (1 ng/ml) and TNF-α (50 ng/ml) for 24 h with resveratrol (125 μM), compound C (20 μM), or AICAR (20 μM). As for the measurement of proteins in astrocytes, cells were collected 30 min after stimulation.
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Western Blot
To identify temporal expression or the phosphorylated levels of proteins, whole protein samples were analyzed. In brief, samples (cells or spinal cord segments at L1 to L6) were collected and washed with ice-cold PBS before being lysed in radio immunoprecipitation assay lysis buffer. Then whole sample lysates were separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis and electrophoretically transferred onto polyvinylidene fluoride membranes (Millipore). The membranes were blocked with 5% bovine serum albumin for 1 h at room temperature, probed with antibodies overnight at 4°C with the primary antibodies and then incubated with horseradish peroxidase-coupled secondary antibodies. The primary antibodies used included p-p38 (Tyr182), 1:800; IBA-1, 1:1000; p-NR1 (Ser896), 1:1000; pERK1/2 (Thr202/Tyr204), 1:1000; p-JNK (JNK; Thr183/Tyr185), 1:1000; glyceraldehyde 3-phosphate dehydrogenase, 1:5000; p-PKC (Thr514), 1:1000; p-Akt (Ser 473), 1:800; p-mTOR (Ser 2448), 1:800; GFAP, 1:2000; IL-1β, 1:1000; and TNF-α, 1:1000. The filters were then developed by enhanced chemiluminescence reagents (Perki-nElmer, Waltham, MA) with secondary antibodies (Chemicon, USA). data were analyzed with the Molecular Imager (Gel docTM XR, 170-8170) and the associated software Quantity One-4.6.5 (Bio-Rad Laboratories, USA).
Immunohistochemistry during deep anesthesia, animals were transcardially perfused with PBS followed by 4% paraformaldehyde, and L4 and/ or L5 lumbar segment was dissected out and postfixed using the same fixative. The embedded blocks were sectioned as 20-μm thick. Sections from each group (five samples in each group) were incubated overnight at 4°C with primary antibodies: anti-GFAP antibody (1:100), anti-IBA-1 (1:100), anti-NeuN (1:100), anti-pAMPK (1:100), anti-pp38 (1:100), anti-pJNK (1:50), or anti-pERK (1:500). Rabbit IgG (1:200, Vector Laboratories, USA) was used as an isotype control. Then the free-floating sections were washed with PBS and incubated with the secondary antibody for 2 h. After washing out three times with PBS, the samples were studied under a confocal microscope (Olympus FV1000 confocal system, Olympus, Japan) for morphologic details of the immunofluorescence staining. Examination was blindly carried out. Images were randomly coded, and the fluorescence intensities of IBA-1 or GFAP were analyzed by Image Pro Plus 6.0 software (Media Cybernetics Inc., USA). The average green fluorescence intensity of each pixel was normalized to the background intensity in the same image.
Glial cells were fixed with ice-cold methanol and were permeabilized with 0.25% Triton X-100/phosphate-buffered saline with Tween 20. After blocking with 1% bovine serum albumin in phosphate-buffered saline with Tween 20 for 120 min, the coverslips were incubated overnight at 4°C with the GFAP and Ki67 antibodies diluted in 1% bovine serum albumin (1:300). The coverslips were then exposed to the fluorescein isothiocyanate (FITC)-conjugated antirabbit IgG (1:100, at room temperature for 60 min) after being washed three times with PBS. After that the coverslips were stained with 1 μg/ml 4′,6-diamidino-2-phenylindole), a fluorescent dNA dye to mark nucleus) for 1 min, and then fluorescent confocal images were acquired using a Olympus FV1000 confocal system (Olympus). 25 Ki67-positive astrocytes were counted in a blind fashion.
Statistical Analyses
SPSS Rel 15 (SPSS Inc., Chicago, IL) was used to conduct all the statistical analyses. Alteration of expression of the proteins detected and the behavioral responses were tested with one-way ANOVA, and the differences in latency over time among groups were tested with two-way ANOVA. Bonferroni post hoc tests were conducted for all ANOVA models. Results are expressed as mean ± SEM of three independent experiments. Results described as significant are based on a criterion of P < 0.05.
Results
AMPK Activation by Resveratrol Attenuates Mechanical Allodynia in a Rat Model of Bone Cancer Pain
Rats developed tibia tumors after the transplantation of Walker 256 cells and subsequently displayed mechanical allodynia ( fig. 1 ). Pretransplant, there were no significant differences in pain-related behaviors among the sham group and the other groups. A marked decrease in mechanical withdrawal was observed 7 days after TCI followed by a peak on day 14 (4.1 ± 0.37, mean ± SEM). Thus, resveratrol was administered orally (PO) to the TCI rats on day 14. Painrelated behaviors were greatly ameliorated by resveratrol (300 mg/kg, PO, 10.1 ± 0.56), and this effect lasted for more than 24 h ( fig. 1A ). In addition, consecutive administration of resveratrol at postoperative days 14, 15, 16, 17, and 18 reversed the mechanical allodynia in TCI rats ( fig. 1B ).
Resveratrol has been reported to inhibit neuroinflammation through AMPK activation. 15 To explore this putative role of AMPK in resveratrol-mediated inhibition of tumor pain, we questioned whether the AMPK inhibitor compound C could reverse the effects of resveratrol. Our results revealed that compound C (30 μg, IT) significantly inhibited resveratrol-induced alleviation of mechanical allodynia (6. 
Activation and Distribution of Spinal AMPK after TCI and Resveratrol Administration
The level of AMPK phosphorylation in the spinal cord of TCI rats was significantly increased in a dose-dependent manner after resveratrol administration; the levels remained low in both naive and control TCI rats ( fig. 2A ).
Analysis of the cellular distribution revealed that phosphorylated AMPK distributed throughout the dH of the spinal cord. Confocal images showed that, in naive rats, the phosphorylated AMPK immunoreactivity was colocalized primarily with neurons (as indicated by NeuN, a neuronal marker; fig 
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images showed that phosphorylated AMPK was expressed in neuron, astrocyte, and microglia in the dH of rats treated with TCI operation and resveratrol administration ( fig. 2E ).
Oral Administration of Resveratrol Suppresses the Activation of Microglia and Astrocytes in Rat Spinal Cords
Astrocytes and microglia have been recognized as important contributors to tumor pain pathways. Expression levels of GFAP and IBA-1 have been used as indicators of astrocytic and microglial activity, respectively. Our results showed that the expression of both GFAP and IBA-1 were enhanced by TCI, whereas resveratrol (300 mg/kg, PO, once daily for 5 days from postoperative day 14) down-regulated the expression of both markers ( fig. 3, A and B) . The increased GFAP and IBA-1 immunoreactivity, which was distributed predominately in the superficial dH ipsilateral to TCI, suggested the activation of both astrocytes and microglia. Notably, this activation was alleviated by resveratrol ( fig. 3 , C-F).
To further verify whether inhibition of bone cancer pain-induced hypersensitivity by resveratrol is because of a decrease in tumor growth and/or spinal sensitization, bone destruction was monitored using radiologic and histologic methods ( fig. 3 , G and H). Local bone destruction takes place at the proximal epiphysis of the tibia during this time. Histologic examination revealed bone marrow spaces infiltrated with malignant tumor on day 18 after inoculation. However, bone loss and tumor infiltration was not notably changed by resveratrol (300 mg/kg, PO, once daily for 5 days from postoperative day 14). Bone destruction was not observed in the sham or only resveratrol-treated animals.
Resveratrol Reduces TCI-induced Production of Proinflammatory Factors and Phosphorylation of NR1, PKCγ, and MAPKs in the Spinal Cord
The activation of glia in the context of TCI was followed by an increase in the levels of proinflammatory factors IL-1β and TNF-α. Treatment with resveratrol (300 mg/kg, PO, once daily for 5 days from postoperative day 14) inhibited the increased production of IL-1β and TNF-α in the spinal cord ( fig. 4, A and B) . NMdA receptor phosphorylation, which can be activated by proinflammatory factors, has a well-established role in various pain states. PKC kinases can enhance NMdA receptor function. Herein, we showed that TCI treatment significantly increased the levels of phosphorylated NR1 and PKCγ, whereas repetitive treatment with resveratrol (300 mg/kg, PO, once daily for 5 days from postoperative day 14) inhibited their expression ( fig. 4, C  and d ). Neither the production of proinflammatory factors nor the phosphorylation of NMdA receptors was altered by resveratrol treatment alone in naïve rats.
Resveratrol Reduces TCI-induced Phosphorylation of MAPKs in the Spinal Cord
Previous studies indicated that the production of both IL-1β and TNF-α might be mediated by mitogen-activated protein kinase (MAPK) signaling pathways in glia. 26, 27 As shown in figure 5A , administration of resveratrol (300 mg/kg, PO, once daily for 5 days from postoperative day 14) significantly reduced the levels of phosphorylated MAPKs (including p38, extracellular signal-regulated protein kinase [ERK] and JNK induced by TCI. These effects were reversed by the coadministration of the AMPK inhibitor compound C (30 μg, IT). These results suggest that resveratrol-mediated suppression of MAPKs and subsequent proinflammatory factors and NMdA receptors may be secondary to AMPK signaling activation.
We further determined the cellular distribution and phosphorylation of MAPKs within the dH after TCI operation and resveratrol treatment. Confocal images showed that, in rats dH, the phosphorylated p38 was colocalized primarily with microglia (IBA-1; fig. 5B ), whereas the phosphorylated JNK colocalized with astrocyte (GFAP; fig. 5C ). The phosphorylated ERK could be observed in neuron, astrocyte, and microglia but mainly in neuron (NeuN; fig. 5d ). TCI in rats caused a significantly increased phosphorylation of all the three MAPKs in the spinal cords, whereas resveratrol could suppress these effects, in line with the western blot data in figure 5A . Taken together, these results indicated that resveratrol inhibited activation of astrocytes and microglia in the spinal cords through MAPKs suppression, thereby reducing the production of proinflammatory cytokines.
AMPK Activation via Resveratrol Treatment Inhibits IL-1β/TNF-α-induced Activation and Proliferation of Primary Astrocytes In Vitro
Our findings suggest that resveratrol may act through AMPK signaling pathways to attenuate TCI through inhibition of spinal cord glial activation in vivo. We further asked whether the inhibitory effect of AMPK activators on glial activation is direct or indirect. Therefore, we isolated primary rat astrocytes and cultured them in vitro to investigate the role of resveratrol. Fig. 3. (Continued) . of IBA-1 immunofluorescence is presented as mean fluorescence pixels (n = 5, five images per animal). (G) Radiologic and histochemical analysis of tumor development in the tibia. To confirm bone destruction of the tibia by tumor, rats were radiographed 18 days after tumor cell inoculation of the ipsilateral hind limb. Arrows indicate the proximal cortical bone. Hematoxylin and eosin staining of the left tibia showed that bone marrow spaces on day 18 after Walker 256 cell inoculation. (H) Pathohistologic grades were evaluated according to the infiltration of tumor cells and bone erosion (n = 4 each group). Resveratrol (300 mg/kg, orally) was given once a day for 5 days from postoperative day 14. Two hours after the final administration, spinal samples were collected. One-way ANOVA revealed a significant difference at ## P < 0.01 versus control and **P < 0.01 versus TCI group (Bonferroni post hoc tests). GAPDH = glyceraldehyde 3-phosphate dehydrogenase; GFAP = glial fibrillary acidic protein; IBA-1 = ionized calcium-binding adapter molecule-1; TCI = tibia bone cavity tumor cell implantation.
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We assessed the effects of resveratrol treatment on the activation of AMPK in astrocytes in response to 30 min of IL-1β (1 ng/ml)/TNF-α (50 ng/ml) stimulation. As shown in figure 6A , the phosphorylation of AMPK was promoted by resveratrol in a concentration-dependent manner.
IL-1β/TNF-α treatment induced activation in astrocytes and was characterized by increased phosphorylation of JNK and ERK MAPKs. Treatment with resveratrol (5 to 125 µM) before IL-1β/TNF-α administration significantly reduced these effects in a dose-dependent manner ( fig. 6 , B and C). Furthermore, resveratrol activity was mimicked by AICAR and reversed by compound C (fig. 6C ).
Furthermore, because TCI-induced up-regulation of GFAP might indicate increased astrocyte proliferation in the spinal cord, we examined whether proinflammatory factors could induce astrocyte proliferation in vitro and how resveratrol may regulate the process. In primary astrocytes, IL-1β/TNF-α treatment greatly induced cell proliferation, as indicated by Ki67 staining. Resveratrol and AICAR reduced Ki67 expression in astrocytes; coadministration of compound C and resveratrol reversed these effects ( fig. 6d ).
AMPK Activation by Resveratrol Suppresses IL-1β/TNFα-enhanced Phosphorylation of MAPK in BV-2 Cells
To investigate the in vitro effects of resveratrol on proinflammatory factor-induced microglial activation, we used the immortalized murine microglial cell line BV-2, derived from the primary mouse microglial cells. 28, 29 BV-2 cells have a reaction pattern similar to that of primary microglia after stimulation with lipopolysaccharide 30 and have been used in vitro to replace primary microglia, which pose experimental difficulties when being separated from the spinal cord and passaged in vitro. In this study, the phosphorylation of AMPK was increased by resveratrol in a concentrationdependent manner in BV-2 cells stimulated with IL-1β (1 ng/ml)/TNF-α (50 ng/ml; fig. 7A ).
BV-2 cell activation was characterized by increased phosphorylation of p38 and ERK MAPKs ( fig. 7 , B and C). Treatment with resveratrol (125 µM) before IL-1β/TNF-α administration reduced these effects. Furthermore, resveratrol activity was mimicked by AICAR and reversed by compound C (fig. 7C ).
AMPK Activation by Resveratrol Suppresses Akt/mTOR Signaling in Neurons
Although all the aforementioned results strongly suggested that the AMPK activation by resveratrol led to a marked inhibition on neuroinflammation mediated by glia in the spinal cord after TCI, there have been more questions about its effects on neurons. It has been reported that resveratrol inhibits acute and chronic pain through an engagement of AMPK to attenuate ERK and mTOR signaling in sensory neurons. 17 Resveratrol also regulates PI3k/Akt pathway through AMPK activation, 31 whereas PI3K and its downstream target pAkt are up-regulated in a time-dependent manner in rats with bone cancer pain and distribute 
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predominately in the superficial layers of the spinal dH neurons. 32 Therefore, we assessed the effects of resveratrol on Akt/mTOR signaling in rat. Although bone cancer pain resulted in a significant increase in Akt/mTOR phosphorylation in rat spinal cord 18 days after TCI, resveratrol occluded the TCI-induced Akt/mTOR phosphorylation ( fig. 8A ). We then asked whether this effect was reversible. Human neuron-like SH-SY5Y cells were treated with IL-1β (1 ng/ml)/ TNF-α (50 ng/ml) for 30 min to show a notable Akt/mTOR phosphorylation in vitro. Resveratrol administration resulted in a profound suppression on Akt and mTOR signaling pathways in a dose-dependent manner; and coadministration of compound C reversed these effects ( fig. 8B) .
Resveratrol Reverses the Allodynia Induced by IL-1β/TNF-α in Rats
Our in vitro experiments suggested that resveratrol, through AMPK, may inhibit the glial activation induced by proinflammatory factors. We further investigated the effects of resveratrol on the allodynia and glial activation induced by IT injection of IL-1β/TNF-α.
Injection of 20 μl of IL-1β (1 ng/ml) and TNF-α (50 ng/ml) into the spinal cord of rats induced hyperalgia with a significant decrease in mechanical withdrawal. Treatment with resveratrol (10 or 30 µg, IT) both attenuated the hyperalgia induced by these proinflammatory factors and suppressed the higher expression levels of GFAP and IBA-1 after the injection of IL-1β and TNF-α ( fig. 9 , A-C). In addition, the increased phosphorylation of MAPKs was also inhibited by resveratrol ( fig. 9, d and E ).
Discussion
In this study, the principal findings are as follows: (1) AMPK activation through resveratrol or AICAR significantly attenuates the maintenance of bone cancer pain in a dose-dependent manner, and these effects are reversed by the AMPK inhibitor compound C; (2) resveratrol has a significant and AMPK-dependent inhibitory impact on the TCI-evoked activation of astrocytes and microglia; (3) resveratrol abolishes the up-regulated phosphorylation of MAPKs and proinflammatory cytokine expression both in vivo and in vitro in an AMPK-dependent manner; and (4) the development of acute pain evoked by proinflammatory cytokines is significantly attenuated by the effects of resveratrol. To the best of our knowledge, we provide the first experimental evidence that AMPK activation by Cancer, particularly metastatic prostate bone tumors, produces intractable and persistent pain. The limited success of current treatments for cancer pain is, at least in part, because of our incomplete understanding of the mechanisms that underlie the induction and maintenance of cancer-related pain. Cancer-induced peripheral nerve and tissue damage leads to the robust activation of spinal microglia and astrocytes. On activation, microglia and astrocytes secrete numerous substances, including proinflammatory cytokines such as IL-1β and TNF-α. 33, 34 These proinflammatory cytokines can enhance neuronal hyperactivity, resulting in unique changes in neuronal plasticity in the spinal dH and primary afferent neurons. 35 IT administration of the microglial inhibitor minocycline or the astrocyte inhibitor fluorocitrate may attenuate bone cancer pain. 36, 37 However, prolonged use of minocycline causes severe side effects, including diphtheritic enteritis and autoimmune disorders. 38, 39 Therefore, efficacious and safe molecules capable of suppressing glial activation are urgently needed as a viable treatment option for cancer pain.
AMP-activated protein kinase (AMPK) is a serine/threonine protein kinase that serves as an energy sensor to regulate energy homeostasis and metabolic stress. 40 AMPK is sensitive to cellular ATP depletion and is activated by upstream kinases, liver kinase B1, Ca(2+)/calmodulin-dependent protein kinase-β and TGF-β-activated kinase 1 in mammalian cells. 41 Once activated, AMPK stimulates ATP-producing catabolic pathways and inhibits ATP-consuming anabolic processes such as protein translation. AMPK activation can inhibit cell growth by blocking mTOR signaling. 42 Aside from the strong inhibitory effect of AMPK activation on mTOR signaling, AMPK activation can also inhibit MAPK signaling during neuropathic pain. 19 Given the well-documented role of AMPK in glial cells, we tested the hypothesis that AMPK activation could suppress glial activation and inhibit glia-mediated neuroinflammation, thereby attenuating bone cancer pain.
In our study, both AICAR and resveratrol were used to induce AMPK activation in the regulation of nociceptive behavior in rats after TCI. AICAR activates AMPK by binding through its active metabolite 5-aminoimidazole-4-carboxamide 1-beta-d-ribofuranotide to the AMP-binding site on the γ subunit of the enzyme. 43 The mechanism of resveratrol-induced AMPK activation has yet to be fully understood. Resveratrol is believed to activate AMPK indirectly, 
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possibly through modification of the mitochondrial respiratory chain and regulation of the intracellular AMP:ATP ratio rather than through direct phosphorylation or dephosphorylation of the catalytic subunit. 44, 45 Our results indicate that AMPK activation by resveratrol exerts significant antinociceptive effects in rats with bone cancer. One intragastric administration of resveratrol at dose of 100 to 300 mg/kg significantly suppressed mechanical allodynia in TCI-treated rats, with the effect lasting for more than 24 h. daily consecutive administration of resveratrol reversed nociceptive behavior in rats with bone cancer pain ( fig. 1, A and B ). IT administration of compound C almost completely abolished the suppressive effects of resveratrol administered PO on the pain behaviors of TCI rats (fig. 1C ), whereas the AMPK activator AICAR given IT mimicked the activity of resveratrol ( fig. 1d ). IT administration of resveratrol also attenuated the pain behavior induced by TCI ( fig. 1, E and F) . These findings implicated the spinal cord as the antinociceptive site of resveratrol.
However, how resveratrol could modulate AMPK in the spinal cords in TCI rats remained unclear. Finding that resveratrol induced a robust AMPK phosphorylation in the spinal cords after its administration to rats ( fig. 2A ), we further asked with which neurons, astrocytes, and/or microglia within the dH AMPK immunoreactivity was colocalized. Our confocal images with double staining showed that phosphorylated AMPK was colocalized in the neurons, astrocytes, and the microglial cells ( fig. 2E ). It may be noticed that neuronal AMPK is widely phosphorylated in dH even before the TCI operation, whereas it was further activated after the TCI (fig. AMPK Activation Ameliorates Bone Cancer Pain 2B). Because AMPK inhibitor compound C did not show a positive impact on the pain behaviors in mice with TCI ( fig. 1C ), neuronal AMPK activation in the TCI rats may be implicated as a subsequent protective reaction by the neuron itself, but not a damage factor in the pathologic process of pain. It has been demonstrated that neuronal AMPK activation, either directly or indirectly, has a potent protective effect in neurodegenerative diseases such as Alzheimer disease. 46, 47 Therefore, resveratrol administration may promote this protective effect of AMPK, and thus to affect some downstream signals to suppress acute nociception in dorsal root ganglion neurons, e.g., the inhibition of Na+ channels or ERK/mTOR signaling. 17, 48 Recently, Akt has been reported to be required for complete Freund's adjuvant-induced up-regulation 49 of Nav1.7 and Nav1.8 in primary sensory neurons, and spinal Akt/mTOR signaling plays an important role in inflammation-induced hyperalgesia. 50 So we investigated the role of AMPK activation in the Akt/mTOR signaling in neurons. It was demonstrated that systemic injection of resveratrol strongly inhibited the phosphorylation of Akt/mTOR cascade, which suggested an effective suppression on neuron excitatory after TCI operation in rats ( fig. 8A ). Inflammatory factors (IL-1/TNF-α) induced Akt/mTOR phosphorylation in human neuron-like SH-SY5Y cells, whereas this change was inhibited by resveratrol through AMPK activation in a dose-dependent manner ( fig. 8B ). Hence, AMPK's potent influence by resveratrol may has a deep interaction with inflammatory signaling pathways.
Herein, we further observed that TCI operation resulted in a notable AMPK phosphorylation in astrocytes and microglia, and resveratrol induced an additional increase in AMPK activation in these two types of cells ( fig. 2, C and  d) . While inducing AMPK activation, resveratrol demonstrated a potent suppressive effects on activated astrocytes and microglia in dH ( fig. 3 , A-F), which is in agreement with previous related studies. 51, 52 Consequently, resveratrol reversed the production of proinflammatory cytokines induced by TCI operation in the spinal cords ( fig. 4, A and  B) and diminished TCI-induced phosphorylation of NR1 and subsequent activation of PKC ( fig. 4, C and d) . Herein, AMPK signaling and neuroinflammation may be coupled through negative feedback. TCI operation resulted in activation of glia and production of proinflammatory cytokines in the spinal cords (figs. 3, A-H and 4, A and B), exposure of astrocytes and microglia to proinflammatory cytokines increases phosphorylated AMPK (figs. 2A, 6A, and 7A), whereas AMPK phosphorylation, i.e., activation by resveratrol resulted in neuroinflammation suppression and 
pain alleviation ( fig. 9 ). Alternatively, although resveratrol has been reported to have a suppressive effect on tumor growth, 53 our results suggest that its efficacy in cancer pain treatment mainly results from the suppression of spinal glial activation because one dose or consecutive administration of resveratrol (300 mg/kg, PO) shows no notable effects on tumor growth and bone erosion in this TCI model ( fig. 3 , G and H) while significantly attenuating pain behaviors in rats.
Regarding the downstream effectors of AMPK, activation of MAPKs, a family including ERK, p38 MAPK and JNK, may be one of the most important. AMPK activator, AICAR, activated ERK in the extensor digitorum longus muscles of rat. 54 AMPK also has an important role in promoting p38 MAPK activation in the ischemic heart by inducing p38 MAPK autophosphorylation through interaction with the scaffold protein TAB1. 55 Although mounting evidence has shown that MAPKs play a central role in the glia-mediated neuroinflammation that occurs alongside bone cancer pain, 7, [56] [57] [58] there is no direct evidence of the effects of AMPK activation on the activity of MAPKs. In this study, we have demonstrated for the first time that resveratrol significantly inhibited TCI or proinflammatory cytokine-induced activation of p38 in microglia, JNK in astrocytes, and ERK in neuron and glia both in vivo (figs. 5 and 9) and in vitro (figs. 6 and 7). This suppressive effect by resveratrol was AMPK dependent because it was reversed by the AMPK inhibitor compound C (figs. 6C and 7C).
Altogether, we have demonstrated that resveratrol significantly inhibits TCI-induced astrocytic and microglial activation and strongly suppresses bone cancer pain through AMPK activation. However, there remains a number of pressing unanswered questions, including the possible effects of AMPK on glial activation through neuronal signaling. All these are areas that would benefit from additional research and are currently under intensive investigations.
Furthermore, in the treatment of cancer, opioid drugs are used to treat moderate to severe pain. However, repeated morphine administration induced robust activation of spinal microglia and resulted in a marked reduction in the analgesic properties. 59, 60 It has also been reported that resveratrol significantly reduces morphine tolerance through mechanisms that are associated with the inhibition of neuroinflammation mediated by microglia through the regulation of AMPK activity. 15 Thus, resveratrol may be a potential therapeutic used to relieve cancer pain in addition to facilitating the clinical utility of opioid drugs. Moreover, resveratrol can be 
